Objective: To evaluate adverse outcomes after elective aortic arch surgery performed at higher or lower temperatures (24.0 C-28.0 C vs 20.1 C-23.9 C) within the wide range of moderate hypothermia.
Methods: Over a 9-year period, a total of 665 patients underwent elective proximal (n ¼ 479) or total (n ¼ 186) arch replacement with moderate hypothermia and antegrade cerebral perfusion. Circulatory arrest was initiated at an actual temperature of 20.1 C to 23.9 C in the lower-temperature group (n ¼ 334; 223 proximal, 111 total) and at 24.0 C to 28.0 C in the higher-temperature group (n ¼ 331; 256 proximal, 75 total). Composite adverse outcome was defined as operative mortality or persistent neurologic event or persistent hemodialysis at discharge. Multivariate logistic regression analysis was used to model adverse outcome. In addition to the actual temperature, a new, balanced variable, ''predicted temperature,'' was analyzed to eliminate surgeon bias. We used this variable in a propensity score-matching analysis to validate the multivariate analysis results.
Results: A composite adverse outcome occurred in 7.2% of cases. Operative mortality was 5.1%. The rate of postoperative persistent neurologic deficits was 2.4%. No significant differences were found between the lower-and higher-predicted temperature groups within the moderate hypothermia range in the propensity score-matching analysis. The higher-actual temperature group had a lower rate of ventilator support at >48 hours (P ¼ .036) and less need for tracheostomy (P ¼ .023). Packed red blood cell transfusion and previous coronary artery bypass independently predicted composite adverse outcome (P ¼ .0053 and .0002, respectively), operative mortality (P ¼ .0051 and .0041), and postoperative stroke (P ¼ .045 and .048). Cardiopulmonary bypass time independently predicted composite outcome (P ¼ .0005), operative mortality (P < .0001), ventilatory support for>48 hours (P<.0001), and renal dysfunction (P ¼ .0005). Higher temperatures in the moderate hypothermia range are safe for elective proximal and total arch surgery.
Central Message
Elective proximal and total arch surgery is safe at higher temperatures (!24.0 C-28.0 C) in the moderate hypothermia range (20.1 C-28 C).
Perspective
Although centers of excellence still use cold temperatures for optimum brain protection, there is a clear trend toward increased use of antegrade cerebral perfusion, most notably with both moderate (20 Various cerebral perfusion strategies, including antegrade cerebral perfusion (ACP), retrograde cerebral perfusion, and deep hypothermia alone, have been demonstrated to provide adequate brain protection during aortic arch operations. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The debate regarding which strategy provides optimum brain protection is ongoing, but there has been a general shift toward favoring ACP and moderate degrees of hypothermia.
1,7,9-11 According to Yan and colleagues' classification of hypothermia in aortic arch surgery, 12 moderate hypothermia is defined as 20.1 C to 28 C. The effects of higher or lower temperatures within this wide range on adverse outcome rates have not been well studied; specifically, data are lacking on the effect of temperature on outcomes of elective cases. In the present study of patients undergoing elective proximal and total arch surgery under moderate hypothermia (20.1 C-28 C), we evaluated the effect of higher versus lower moderate hypothermic temperatures (ie, !24.0 C-28.0 C vs 20.1 C-23.9 C) on adverse outcome.
METHODS
Over a 9-year period from March 2005 to December 2014, a total of 665 patients underwent elective proximal or total arch surgery at CHI St Luke's Health-Baylor St Luke's Medical Cente under a wide range of moderate hypothermic temperatures (20.1 C-28 C) ( Table  1 ). All patients received selective ACP for cerebral protection. Data were collected from a prospectively maintained database, and the project was approved by the Institutional Review Board at Baylor College of Medicine. Informed consent for data collection was obtained from all patients. Hospital records, admission and discharge summaries, operative diagrams, operative reports, and anesthesia and perfusion records were reviewed.
The patients were divided into 2 groups according to the actual nasopharyngeal temperature at the onset of circulatory arrest: 20.1 C to 23.9 C for the lower-temperature group (n ¼ 334) and 24.0 C to 28.0 C for the higher-temperature group (n ¼ 331). There were more patients with redo sternotomy and previous coronary artery bypass grafting (CABG) in the lower-temperature group.
The predicted temperature was defined as a balancing score used to eliminate surgeon bias. This variable was the result of modeling actual temperatures and other preoperative and intraoperative variables (see Statistical Analysis for more details). There were 334 patients at the predicted lower temperatures ( 20.1 C-23.9 C) and 331 patients at the predicted higher temperatures (!24.0 C-28.0 C). The mean actual and predicted temperatures were 23.9
C, and the median actual and predicted temperatures of all patients were 23.9 C (Figure 1 ). The cutoff for each group was based on a combination of our current practice experience, mean and median actual and predicted temperatures, and histogram findings. Almost equal numbers of patients were sorted into the 2 analysis groups according to this cutoff.
The ACP time was defined as the period during circulatory arrest in which the patient received ACP. The pure circulatory arrest time was the time without ACP or distal perfusion. The cases in which pure circulatory arrest was used in addition to ACP were usually redo cases in which cardiopulmonary bypass (CPB) had to be established before the sternum was opened and in which the right axillary artery was too small to allow cannulation. In these cases, the femoral artery was used for arterial inflow, and ACP was initiated after the chest was opened and the necessary dissection was performed. The CPB time was the period of CPB minus the pure circulatory arrest time and the ACP time. The myocardial ischemic time was the period during which the aorta was clamped or circulatory arrest occurred. Adverse outcome was defined as operative mortality, persistent neurologic event (stroke or spinal cord injury with persistent deficit at hospital discharge or at time of operative death), or persistent renal failure (marked by the need for hemodialysis at the time of hospital discharge or the time of operative death). Preoperative pulmonary disease, renal disease, and the postoperative outcomes have been previously defined. 13 Operative mortality was defined as death before hospital discharge or within 30 days of operation, and postoperative stroke was defined as clinically or radiographically evident new brain injury after the procedure. Postoperative renal injury was defined as the need to start dialysis or a doubling of the patient's serum creatinine level compared with the baseline value. 13 Our surgical technique for elective proximal and total arch surgery has been described previously. 13, 14 In the lower-actual temperature group, 81 patients received unilateral ACP and 253 received bilateral ACP. In the higher-actual temperature group, 84 patients received unilateral ACP and 247 received bilateral ACP. Intraoperative details for the 2 groups are provided in Table 2 . Initially, we used bilateral ACP selectively for patients with longer circulatory arrest times (>20-30 minutes) and those with short circulatory arrest times and a change of >10% in the near-infrared spectroscopy measurement. Lately, bilateral ACP has been our default preference because it can be quickly and easily performed and does not add complexity to the operation. Elective proximal arch surgery was performed in 479 patients (223 in the lower-actual temperature group and 256 in the higher-actual temperature group), and total arch surgery was performed in 186 patients (111 in the lower-actual temperature group and 75 in the higher-actual temperature group) (P ¼ .0024) (Video 1). Scanning this QR code will take you to a video for the article.
Statistical Analysis
intraoperative variables were considered for inclusion in the models: year of surgery, type of surgery (total arch replacement vs proximal arch surgery), actual temperature at initiation of circulatory arrest, age, sex, smoking, redo sternotomy, hypertension, chronic obstructive pulmonary disease, preoperative coronary event, congestive heart failure, renal dysfunction, stroke or transient ischemic attack, diabetes mellitus, previous CABG surgery, concomitant CABG surgery, concomitant aortic root replacement, intraoperative packed red blood cell (PRBC) transfusion, unilateral versus bilateral ACP, CPB time, myocardial ischemia time, circulatory arrest time, and ACP time.
Because some outcomes were infrequent (eg, 34 deaths), we needed to reduce this set of variables to avoid overfitting the models; thus, we chose 14 of these 23 predictor variables to use in the models because they differed significantly between the 2 groups in univariate analysis or because they were reported as independent predictors in other studies. Logistic regression models were run for the following binary outcomes: composite adverse event, operative mortality, postoperative stroke, postoperative pulmonary event, and postoperative renal event. A stepwise selection option was used. For sensitivity analysis, the models were run again with a relaxed variable stay P value of .10. In addition, the predicted temperature variable was used as a balancing score (ie, generalized propensity score). The predicted temperature was the result of modeling the actual temperature as the dependent variable and the following factors as independent variables: year, age, male sex, smoker, redo sternotomy, hypertension, chronic obstructive pulmonary disease, preoperative coronary event, congestive heart failure, renal failure, preoperative neurologic deficits, diabetes, previous CABG, total arch replacement, concomitant aortic root replacement, concomitant CABG, concomitant maze procedure, concomitant mitral valve replacement, intraoperative PRBC transfusion, bilateral ACP, CPB time, cardiac ischemia time, and ACP time. A propensity score was created for each patient using a multivariate stepwise logistic regression model (C-index ¼ 0.90; Hosmer-Lemeshow goodness-of-fit P value ¼ .20). Propensity matching was then performed for the patients using a 1-to-1 greedy match algorithm without replacement, which resulted in 125 matched pairs. Differences in the distributions of preoperative, operative, and postoperative characteristics between these lower-and higher-predicted temperature groups were tested using the c 2 test (or the Fisher exact test when necessary) for the categorical variables and the nonparametric Wilcoxon 2-sample test for the continuous variables. This process allowed us to validate the multivariate model results for the actual temperatures, which were affected by physician bias.
A histogram was created from the actual and the predicted temperatures ( Figure 1 ). All statistical analyses were conducted with SAS version 9.1 (SAS Institute, Cary, NC) and JMP version 12.2 (SAS Institute). Statistical significance was determined by P <.05.
RESULTS

Operative Mortality
The overall operative mortality in our series was 5.1% (n ¼ 34). Sixteen patients (4.8%) died in the lower-actual temperature group, compared with 18 patients (5.4%) in the higher-actual temperature group (P ¼ .70). In the lower-actual temperature group, 2 patients sustained fatal stroke, 4 patients died of multiple organ failure (MOF), and 5 patients died of heart failure and an inability to wean from extracorporeal membrane oxygenation. One patient experienced primary cardiac arrest and died of anoxic brain injury. One patient developed toxic megacolon, underwent total colectomy, and died of sepsis and MOF. One patient underwent transvenous pacemaker placement by the cardiology service for complete heart block and shortly thereafter could not be resuscitated from a sudden cardiac arrest. One patient received emergency extracorporeal membrane oxygenation support after cardiac arrest and could not be weaned. One patient had an uneventful recovery after aortic root and proximal arch replacement, was discharged on postoperative day 11, but died a week later while at home (Table 3 ). In the higher-actual temperature group, 7 patients died of heart failure, 5 died of MOF, and 2 died of stroke. Two patients died after discharge but within 30 days of surgery while recovering at home. Two patients died of anoxic brain injury after cardiopulmonary resuscitation (Table 3) .
Whether circulatory arrest was initiated at a higher or lower actual temperature was unrelated to mortality in the multivariate analysis. The propensity score-matching analysis based on the predicted temperature validated this finding. Independent factors associated with operative mortality in the full cohort were increasing CPB time (P < .0001), intraoperative PRBC transfusion (P ¼ .0053), and previous CABG surgery (P ¼ .0041) ( Table 4) .
Neurologic Events
Five patients in the lower-actual temperature group had persistent stroke (1.5%), 2 of whom died. Two patients had spinal cord ischemia (1 with persistent paralysis after frozen elephant trunk and 1 with persistent paraparesis after total arch and elephant trunk creation).
Nine patients in the higher-actual temperature group (2.7%) had persistent stroke, 2 of whom died. No spinal cord ischemia was observed in this group. Rates of all neurologic events and persistent neurologic events were not significantly different between the 2 groups, in both the entire cohort (n ¼ 665; P ¼ .71 and .60, respectively) and the propensity-matched cohort (n ¼ 250; P ¼ .52 and .45, respectively) ( Table 3) . Likewise, being in the actual-temperature group was not an independent predictor for stroke or persistent neurologic events in either the full cohort or the propensity-matched patients. Intraoperative PRBC transfusion and previous CABG were independently associated with postoperative stroke (P ¼ .046 and .048, respectively) ( Table 4) .
Composite Adverse Outcome
Twenty-three patients (6.9%) in the lower-actual temperature group and 25 patients (7.6%) in the higheractual temperature group had persistent adverse outcomes (P ¼ .74) ( Table 3) . Multivariate analysis showed identified the following independent factors for adverse outcome: previous CABG (P ¼ .0002), intraoperative PRBC transfusion (P ¼ .0055), increasing CPB time (P ¼ .0005), and increasing ACP time (P ¼ .019) ( Table  4) . Propensity score-matching analysis of the predicted temperatures showed no difference between the 2 groups. Other short-term complications are presented in Table 3 .
DISCUSSION
In 1975, Griepp and colleagues 15 reported the first series of aortic arch operations in which profound hypothermia (<15 C) was used to slow cerebral metabolism, allowing for safe induction of brief circulatory arrest. McCullough and colleagues 16 used cerebral oxygen consumption data to estimate safe intervals of hypothermic circulatory arrest (HCA) at various temperatures and reported the following safe intervals: 9 minutes at 30 C, 14 minutes at 25 C, 21 minutes at 20 C, 31 minutes at 15 C, and 45 minutes at 10 C. Since then, other studies [17] [18] [19] have suggested that the combination of HCA and adjuncts, such as cerebral perfusion, offers superior results by maintaining the nervous system's metabolic supply. There has been a clear trend toward an increased use of ACP, most notably with both moderate and mild hypothermia, [9] [10] [11] 20, 21 even though a meta-analysis of 5060 patients showed that retrograde cerebral perfusion and ACP provided similar cerebral protection when combined with deep hypothermia circulatory arrest, 22 and experts at other centers of excellence have maintained that cold temperatures are preferable. 2 Supporters of using warmer temperatures suggest that lower temperature decreases postoperative bleeding and operative time, but there is no strong scientific evidence to support this claim. In our study, warmer temperatures (!24.0 C-28.0 C) were associated with shorter CPB time and fewer intraoperative PRBC transfusions, but not significantly so (P ¼ .20 and .46, respectively). Total circulatory arrest and ACP times were longer in the lower-actual temperature group compared with the higher-actual temperature group (P <.0001 for both), but this was expected because the lower-actual temperature group had a higher percentage of total arch repairs versus hemiarch repairs.
Disturbances of the coagulation system have been reported with profound hypothermia, 23 and lower temperatures have been associated with reexploration for bleeding. Milewski and colleagues 4 found that the use of profound HCA (<20 C) or deep HCA (21 C-26 C) did not affect postoperative bleeding rates after open aortic arch surgery. We found no association between actual or predicted temperature and the incidence of postoperative bleeding; others have arrived at the same conclusion.
The frequency of intraoperative PRBC transfusion was slightly higher in the lower-actual temperature and lower-predicted temperature groups ( 20.1 C-23.9 C). In the multivariate analysis, intraoperative PRBC transfusion was associated with adverse outcomes, operative mortality, stroke, ventilatory support for>48 hours, and postoperative renal dysfunction.
The operative mortality and persistent stroke rates in our higher-actual temperature group (!24.0 C-28.0 C) were similar to those in the elective subgroup described by Leshnower and colleagues, 24 who reviewed the outcomes of 412 patients who underwent proximal or total arch surgery (including emergent cases). All patients received unilateral ACP, and the core temperature at the initiation of circulatory arrest was 25.7 C AE 2.8 C. In their series, increasing CPB time was an independent predictor of mortality. Likewise, in our series, increasing CPB time was associated with postoperative morbidity, operative mortality, and the composite adverse outcome on multivariate analysis (Table 4) .
Leshnower and colleagues 24 did not identify temperature as an independent risk factor for mortality, stroke, renal failure requiring dialysis, exploration for bleeding, or prolonged mechanical ventilation. Similarly, in our series, actual temperature within the moderate hypothermia range (20.1 C-28 C) was not associated with adverse outcomes, operative mortality, or stroke by multivariate analysis, and the same results were found for the predicted temperature in the propensity-matching analysis; however, the lower-actual temperature group had higher rates of prolonged ventilatory support (>48 hours; P ¼ .036) and respiratory failure necessitating tracheostomy (P ¼ .023) in the univariate analysis only. Among the patients who were propensity-matched according to their predicted temperature, higher rates of stroke and total neurologic events were seen in the lower-predicted temperature group, although the differences were not statistically significant.
The effect of higher temperature on visceral organ and spinal cord perfusion after aortic arch surgery may be of concern. No paralysis or paraparesis was seen in our higher-actual temperature group. Two cases of spinal cord ischemia occurred in our lower-actual temperature group ( 20.1 C-23.9 C), likely associated with creation of an elephant trunk (1 of the 2 patients had frozen elephant trunk). Other groups have reported series without spinal cord ischemic events despite using higher temperatures 21, 24 ; however, prolonged circulatory arrest time at high temperatures must be applied with caution, given that the limits of depriving the lower body of blood flow are not strictly defined. No postoperative mesenteric ischemia or isolated liver failure was noted in our series. These results are supported by findings of previous studies. 25 Our persistent rate of renal failure (defined as the requirement for hemodialysis at discharge) was lower than our rate of postoperative temporary acute renal injury, but there was no significant difference between the 2 groups in the rates of either complication. These findings agree with those reported by Pacini and colleagues 26 in a series of 304 patients undergoing arch surgery. In their series, 25 patients (8.2%) had isolated postoperative renal dysfunction, and 41 patients (13.5%) had associated renal and liver dysfunction. Dialysis was temporary in 19 patients (6.2%) and persistent in only 2 patients. Isolated liver dysfunction occurred in 69 patients (22.7%), and only 3 patients (1.0%) had major gastrointestinal complications. Importantly, when the patients were divided into 2 groups according to hypothermic temperature of 25 C (n ¼ 194) or >25 C (n ¼ 110), the rates of each of these outcomes did not differ significantly between the groups. Prolonged CPB time was the sole significant independent risk factor for renal dysfunction, with or without liver dysfunction. This result is in agreement with our multivariate analysis findings (Table 4 ).
The main limitation of the present study is its retrospective design, which potentially incurs the biases associated with all such studies. We did not evaluate noncritical liver dysfunction, which would have manifested as enzyme-level elevation, and we did not analyze the long-term effects of higher temperatures on neurocognitive function. Moreover, our study is underpowered; having 80% power to detect a difference of this magnitude at an a value of 0.05 would require a much higher number of patients (in the range of 1500 patients per group).
In conclusion, within the wide range of temperatures (20.1 C-28.0 C) used in moderate hypothermia, higher temperatures (!24.0 C-28.0 C) are safe and do not appear to be associated with adverse outcome when compared with lower temperatures. Given the shift toward the wider use of moderate hypothermia, these findings have practical relevance to the performance of aortic arch surgery.
